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DOI 10.1016/j.devcel.2010.10.024SUMMARY et al., 2008;Melotto et al., 2008; Thines et al., 2007). JAZ proteinsGibberellins (GAs)modulate jasmonate (JA) signaling,
which is essential for stress response and develop-
ment in plants. However, the molecular details of
such phytohormone interaction remain largely
unknown. Here, we show that the JA ZIM-domain 1
(JAZ1) protein, a key repressor of JA signaling, inter-
acts in vivo with DELLA proteins, repressors of the
GApathway. DELLAsprevent inhibitory JAZ1 interac-
tion with a key transcriptional activator of JA
responses, MYC2, and, thus, enhance the ability of
MYC2 to regulate its target genes. Conversely, GA
triggers degradation of DELLAs, which allows JAZ1
to bind MYC2 and suppress MYC2-dependent JA-
signaling outputs. Therefore, our results reveal one
means by which GAs suppress cellular competence
to respond to JA. Because DELLAs serve as central
regulators that mediate the crosstalk of various
phytohormones,ourmodelalsosuggestsacandidate
mechanism by which JA signaling may be fine-tuned
by other signaling pathways through DELLAs.
INTRODUCTION
Seed plants have evolved a set of sophisticated mechanisms to
respond to diverse exogenous and endogenous stimuli to
promote their survival. Jasmonates (JAs) are lipid-derived
small-molecule phytohormones that regulate multiple plant
growth responses, including the defense against pathogens
and insects, the adaptation to abiotic stresses such aswounding
and drought, and the involvement in developmental processes
such as root growth and stamen development (Browse and
Howe, 2008; Farmer et al., 2003; Farmer andRyan, 1990; Kessler
et al., 2004; Stintzi and Browse, 2000; Vijayan et al., 1998;
Wasternack, 2007). Coronatine insensitive1 (COI1) encoding an
F-box protein has been identified as a JA receptor, and core
JA-dependent responses are mediated by a Skp1/Cullin/F-box
E3 ubiquitin ligase complex (SCFCOI1) containing COI1 (Devoto
et al., 2002; Feng et al., 2003; Xie et al., 1998; Xu et al., 2002;
Yan et al., 2009). SCFCOI1 degrades JA ZIM-domain (JAZ)
proteins, a family of key repressors of JA signaling, through the
26S proteasome in the presence of jasmonoyl-L-isoleucine
(JA-Ile) or its mimic, coronatine (COR) (Chini et al., 2007; Katsir884 Developmental Cell 19, 884–894, December 14, 2010 ª2010 Elsserve as the major molecular link between the SCFCOI1 E3 ubiq-
uitin ligase and MYC2, a key transcriptional activator that regu-
lates JA-dependent transcriptional reprogramming (Boter
et al., 2004; Chini et al., 2007). Upon degradation of JAZs,
MYC2 is released to promote JA-induced gene expression.
JA signaling is integrated in complex regulatory networks that
include its crosstalk with other phytohormone signaling path-
ways (Grant and Jones, 2009; Lorenzo and Solano, 2005).
Recent studies have implicated an important function of gibber-
ellins (GAs) in mediating JA signaling in both stress responses
and plant development. DELLAs, known as plant growth repres-
sors whose degradation is promoted by GA, confer plants
elevated resistance to necrotrophs via potentiating JA signaling,
whereas they attenuate salicylic acid (SA) signaling to make
plantsmore vulnerable to biotrophs, suggesting a role of DELLAs
in modulating the balance of JA and SA signaling in response to
pathogen stress (Navarro et al., 2008). In addition, GA has been
found to promote JA biosynthesis through DELLAs to control the
expression of MYB21, MYB24, and MYB57, which in turn
promote stamen development (Cheng et al., 2009). Although
these observations have suggested the crosstalk between GA
and JA signaling in pathogen interaction and plant development,
the detailed molecular mechanisms by which DELLAs modulate
JA signaling still remain elusive.
Here, we report a ‘‘relief of repression’’ model in which DELLAs
compete with MYC2 for binding to JAZ1 in Arabidopsis. Without
GA, stabilized DELLA proteins bind to JAZ1 and releaseMYC2 to
promote JA signaling. GA triggers degradation of DELLAs, which
releases free JAZ1 to bind to MYC2 and, thus, attenuates JA
signaling. Our results provide the mechanism of how DELLAs
contribute to JA signaling through upregulating the expression
of JA-responsive genes. Because DELLAs have been suggested
to integrate plant responses to various hormonal and environ-
mental signals (Achard et al., 2003, 2006, 2008; Bolle, 2004; de
Lucas et al., 2008; Feng et al., 2008; Fu and Harberd, 2003;
Navarro et al., 2008; Shimada et al., 2006), this study provides
a mechanistic understanding on how JA signaling could be
fine-tuned by other signaling pathways through DELLAs.RESULTS
DELLAs Promote the Expression of JA-Responsive
Genes
Several studies have shown that GA and DELLA proteins affect
the expression of JA-responsive genes (Cao et al., 2006;evier Inc.
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to control JA-mediated plant immune responses (Navarro
et al., 2008). These observations suggest that GA and DELLA
proteins modulate JA perception and/or signaling. To test how
GA and DELLA proteins are involved in JA signaling, we
measured the expression of several typical JA-responsive
genes, including LOX2, TAT1, PDF1.2, and b-CHI (Lorenzo
et al., 2004), under JA and/or GA treatment. In the GA-deficient
mutant ga1-3, these genes were upregulated in response to JA
treatment, whereas such elevated expression was significantly
attenuated under the combined treatment with JA and GA (Fig-
ure 1A). GA treatment alone did not significantly affect the
expression of these JA-responsive genes (Figure 1A). Expres-
sion analyses on several other primary JA-responsive genes,
including LOX3, LOX4, JAZ1, and JAZ3 (Chung et al., 2008), re-
vealed similar changes in their expression trends in ga1-3 under
JA and/or GA treatment (see Figure S1A available online). These
results suggest that GA suppresses cellular competence to
respond to JA. This is further substantiated by the observation
that increased concentrations of JA more significantly induced
the expression of JA-responsive genes in ga1-3 than in wild-
type seedlings (Figure S1A).
In both wild-type and ga1-3 backgrounds, loss of function of
DELLA proteins (RGA, GAI, RGL1, and RGL2) impaired the upre-
gulation of JA-responsive genes by JA (Figure S1B). Moreover,
upregulation of these genes in wild-type plants by JA was
enhanced by the GA biosynthesis inhibitor, paclobutrazol
(PAC), whereas their upregulation in ga1-3 was suppressed by
GA (Figure S1B). Such changes in response to PAC or GA
were compromised in either gai-t6 rga-t2 rgl1-1 rgl2-1 or ga1-3
gai-t6 rga-t2 rgl1-1 rgl2-1, respectively, except for PDF1.2
expression in penta mutants (Figure S1B). These results indicate
that DELLA proteins degraded by GA are involved in upregulat-
ing these genes in response to JA. We then examined the
expression of JA-responsive genes in response to RGA activity
using a steroid-inducible RGA (RGA-GR) in ga1-3 rgl2-1 rga-t2
(Yu et al., 2004). Dexamethasone enhanced the upregulation of
TAT1 and PDF1.2 only under JA treatment (Figure 1B), which
confirms that RGA promotes the expression of JA-responsive
genes in the JA-signaling pathway.
To understand how DELLA proteins affect JA signaling in
plant development, we examined the inhibition of root elonga-
tion by JA in various DELLA mutants. Root elongation in ga1-3
was significantly reduced under JA treatment, whereas the
extent of such reduction was attenuated in ga1-3 combined
with various DELLA mutants (Figure 1C). Moreover, GA largely
suppressed the inhibitory effect of JA on root growth in
ga1-3, whereas such suppressive effect was less obvious in
ga1-3 lacking various DELLA proteins (Figure S1C). These
results, together with the expression patterns of JA-responsive
genes, further corroborate that DELLA proteins in the GA
pathway positively regulate JA response during Arabidopsis
development.
DELLAs Interact with JAZs
As putative transcriptional regulators, DELLA proteins have been
shown to interact with bHLH-type transcription factors to coordi-
nate the effect of light and GA on plant development (de Lucas
et al., 2008; Feng et al., 2008). To investigate how DELLAs areDevelopmeinvolved in the interaction between GA and JA-signaling path-
ways, we performed a yeast two-hybrid screening to identify
RGA-interacting partners. Because the full-length RGA protein
exhibited strong self-activation activity, two truncated versions
of RGA protein were used for bait optimization (Figure S2A).
The N-terminal deletion version of RGA protein (RGADN), which
contains the LZ1 and LZ2 protein-interacting domains (Itoh et al.,
2002; Thomas and Sun, 2004), abolished RGA self-activation
completely and was thus chosen as a bait. After screening an
Arabidopsis cDNA library (CD4-30 from ABRC), we found that
JAZ1, a key repressor of JA signaling (Thines et al., 2007), inter-
acted with RGADN (Figure 2A). Consistent with a previous report
(Chini et al., 2007), yeast two-hybrid assays showed that JAZ1
interacted with MYC2, a key transcriptional activator of JA-regu-
lated gene expression, whereas no interaction was detected
between MYC2 and RGADN (Figure 2A). Because there are
12 JAZ family members in Arabidopsis, and they function redun-
dantly in JA signaling (Chini et al., 2007; Thines et al., 2007), we
further chose JAZ3 and JAZ9 to test whether they could also
interact with RGADN. Our results demonstrated an interaction
between these two proteins and RGADN, though the interaction
appeared weaker for the AD-RGA and BD-JAZ3 constructs (Fig-
ure S2B). In addition the other DELLA proteins, GAI, RGL1, and
RGL2, were also found to interact with JAZ1 (Figure S2B). These
data suggest that there may be widespread interaction between
DELLAs and JAZ proteins.
We next performed GST pull-down assays to verify the protein
interaction between RGA and JAZ1 using purified GST- and His-
tagged proteins (Figure S2C). Again, we found that RGA specif-
ically interacted with JAZ1, but not MYC2, whereas JAZ1 also
interacted with MYC2 (Figure 2B). In addition, bimolecular fluo-
rescence complementation (BiFC) analysis revealed the direct
interaction of RGA and JAZ1 in the nuclei of living plant cells (Fig-
ure 2C). Coimmunoprecipitation analysis on the protein extracts
from ga1-3 rga-t2 35S:RGA-9Myc 35S:JAZ1-6HA further
confirmed the in vivo interaction between RGA and JAZ1 (Fig-
ure 2D). Taken together, these results indicate that DELLAs
might regulate JA-signaling pathway through their interaction
with JAZs.
DELLAs and MYC2 Compete for Binding to JAZ1
Because JAZ proteins serve as the major molecular link
between the SCFCOI1 E3 ubiquitin ligase and MYC2 in the JA
pathway, the interaction between DELLAs and JAZs may affect
either the degradation of JAZs or the interaction between JAZs
and MYC2. To test the former possibility, we examined the
effect of GA or PAC on the degradation of JAZ1-GUS (b-glucu-
ronidase) protein induced by JA in 35S:JAZ1-GUS roots
(Thines et al., 2007). Evidently, JA-mediated degradation of
JAZ1-GUS was not affected by GA or PAC (Figure S3A). Simi-
larly, JA had no effect on RGA degradation in ga1-3 rga-t2
pRGA:GFP-RGA plants (Figure S3B). Furthermore, GA or PAC
still affected the expression of JA-responsive genes in the
JA-insensitive mutant coi1-1, wherein the degradation of
JAZs was abolished (Figure S3C). These observations suggest
that DELLAs affect JA signaling downstream of the degradation
of JAZs.
We then investigated whether DELLAs affect the inter-
action between JAZs and MYC2. In vitro pull-down assaysntal Cell 19, 884–894, December 14, 2010 ª2010 Elsevier Inc. 885
Figure 1. DELLAs Mediate Plant Responses to JA and Promote the Expression of JA-Responsive Genes
(A) Quantitative real-time PCR analysis of time-course expression of JA-responsive genes in ga1-3 seedlings under various hormonal treatments. Total RNA was
extracted from 20-day-old seedlings either mock treated with H2O containing Silwet L-77 and ethanol, or treated with 100 mMGA, 50 mM JA, or 100 mMGA plus
50 mM JA. The relative gene expression was calculated by comparing the value of hormone treatment to that of mock treatment. The b-tubulin gene (TUB2) was
amplified as an internal control. Values are mean ± SD of three biological replicates.
(B) Expression of JA-responsive genes in ga1-3 rgl2-1 rga-t2 35S:RGA-GR seedlings. Twenty-day-old seedlings were either mock treated with H2O containing
Silwet L-77 and ethanol or treated with 10 mM dexamethasone (DEX), 50 mM JA, or 50 mM JA plus 10 mM DEX for 4 hr. Values are mean ± SD of three biological
replicates.
(C) Loss of function of DELLAs decreases the sensitivity of ga1-3 to exogenous JA. ga1-3 and different DELLA mutants in ga1-3 background were grown on MS
mediumwithout or with 10 mMJA for 8 days. Root length of thesemutants was compared in left panels. The percentage in the right panel indicates the relative root
length with JA treatment against that without JA treatment (designated as 100%). Values are mean ± SD of more than 15 plants of each genotype. Asterisks
indicate significant change of root length in various mutants as compared to that in ga1-3 (p < 0.05, by Student’s t test). penta, penta mutant ga1-3 rga-t2
gai-t6 rgl1-1 rgl2-1. Scale bar, 1 cm.
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JAZ1 was impaired by an increased amount of GST-RGA (Fig-
ure 3A). Similarly, His-MYC2 also attenuated the interaction
between GST-RGA and His-JAZ1 (Figure 3B). These results
demonstrate that RGA and MYC2 compete in vitro for binding
to JAZs, implying that DELLAs could facilitate releasing MYC2
from JAZ/MYC2 complex through competing with the binding
of MYC2 to JAZs.886 Developmental Cell 19, 884–894, December 14, 2010 ª2010 ElsDELLAs Enhance MYC2 Binding to the G-box
or G-box-like Motifs
To study how DELLAs affect MYC2 function in transcriptional
regulation of JA-responsive genes, we created jin1-8 pMYC2:
MYC2-FLAG plants (Figure S4A) that rescued the JA-insensitive
phenotype of theMYC2 mutant, jin1-8 (Lorenzo et al., 2004), for
examining MYC2 binding to the promoters of its target genes by
chromatin immunoprecipitation (ChIP) assays. MYC2 encodesevier Inc.
Figure 2. RGA Interacts with JAZ1 In Vitro and In Vivo
(A) Yeast two-hybrid assays show the interactions between RGA and JAZ1,
and MYC2 and JAZ1. Transformed yeast cells were grown on SD-Trp/-Leu/-
His/-Ade medium.
(B) In vitro pull-down assays show the interactions between RGA and JAZ1,
and MYC2 and JAZ1. His-tagged proteins were incubated with immobilized
GST or GST-tagged proteins, and immunoprecipitated fractions were de-
tected by anti-His antibody.
(C) BiFC analysis of the interaction between RGA and JAZ1. DAPI, fluores-
cence of 40,6-diamino-2-phenylindol; Merge, merge of EYFP and DAPI.
(D) In vivo interaction of RGA and JAZ1 in Arabidopsis. Plant nuclear extracts
from ga1-3 rga-t2 35S:RGA-9Myc 35S:JAZ1-6HA seedlings were immunopre-
cipitated by either anti-HA antibody or preimmune serum (IgG). The coimmu-
noprecipitated proteins were detected by either anti-Myc or anti-HA antibody.
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Developmea bHLH transcriptional activator that specifically binds to G-box
(CACGTG) or G-box-like motifs (Brown et al., 2003; Dombrecht
et al., 2007; Lorenzo et al., 2004). We found a G-box or G-box-
like motif within the 1 kb 50 promoter of LOX2, TAT1, and
PDF1.2 and designed primer pairs near these motifs for
measurement of DNA enrichment (Figure S4B). Because the
MYC2-FLAG protein started to accumulate from 1 hr after JA
treatment and peaked at 12 hr in jin1-8 pMYC2:MYC2-FLAG
(Figure S4B), we performed ChIP assays after JA treatment
for 4 hr and detected the association of MYC2-FLAG with the
promoter of LOX2 and TAT1, but not with PDF1.2 (Figure S4B).
This is consistent with a previous study (Dombrecht et al.,
2007), indicating that LOX2 and TAT1 are direct targets of
MYC2.
We then chose 4 and 12 hr after JA treatment for analyzing the
effect of DELLAs on MYC2 binding. At both time points, GA or
PAC treatment did not affect the abundance of the MYC2-
FLAG protein in nuclear extracts or immunoprecipitated frac-
tions used in ChIP assays (Figure 3C). ChIP assays demon-
strated that MYC2-FLAG binding to LOX2 and TAT1 promoters
was enhanced when DELLA protein levels were increased by
PAC, whereas DELLA degradation by GA attenuated such
binding (Figure 3D), suggesting that under JA treatment, DELLA
proteins do not directly affect MYC2 protein levels but enhance
MYC2 binding to the G-box or G-box-like motif. We further
examined the effect of induced RGA activity on MYC2 binding
to LOX2 promoter using ga1-3 rga-t2 35S:RGA-GR jin1-8
pMYC2:MYC2-FLAG plants. Similarly, we found that induced
RGA activity by dexamethasone treatment did not immediately
affect MYC2 protein levels (Figure 3E) but enhanced MYC2
binding to LOX2 promoter (Figure 3F). In addition, further ChIP
analyses revealed that direct association of MYC2-FLAG to the
promoters of other four primary JA-responsive genes, LOX3,
LOX4, JAZ1, and JAZ3 (Chung et al., 2008), was also modulated
by DELLA proteins (Figure S4B). These observations suggest
that DELLA proteins enhance MYC2 binding to the G-box or
G-box-like motifs in its target genes.
To further test the effect of DELLAs and JAZ1 on MYC2 tran-
scriptional activity, we performed transient transactivation
assays using the TAT1 promoter fused to the GUS gene as
a reporter. Effector constructs for MYC2, JAZ1-6HA, or RGA
were expressed under the control of the 2 3 35S promoter and
transfected together with the reporter construct into jin1-8
mesophyll protoplasts. Without MYC2, TAT1 expression was
very low, whereas expression of MYC2 protein dramatically acti-
vated the expression of TAT1 (Figure 3G). Coexpression of JAZ1
and MYC2 proteins repressed TAT1 expression. An additional
supply of RGA attenuated the repression of JAZ1 on TAT1
expression, whereas RGA alone did not affect MYC2’s ability
to regulate TAT1 expression. Moreover, GA treatment, which
triggered degradation of RGA, abolished the inhibitory effect of
RGA on JAZ1 (Figure 3G). Thus, MYC2 transcriptional activity
is inhibited by JAZ1 but promoted by RGA. These results,
together with the effect of DELLAs on the expression of JA-
responsive genes (Figures 1A, and 1B; Figure S1A) and
enhancing MYC2 binding to the promoters of its target genes
(Figures 3D and 3F; Figure S4B), strongly suggest that DELLA
proteins modulate JA signaling through affecting MYC2’s ability
to transcriptionally regulate its target genes.ntal Cell 19, 884–894, December 14, 2010 ª2010 Elsevier Inc. 887
Figure 3. DELLAs Compete with MYC2 for
Binding to JAZ1 to Promote the Expression
of MYC2 Downstream Genes
(A) In vitro interaction between His-MYC2 and
GST-JAZ1 is weakened by GST-RGA. GST-JAZ1
protein combined with GST-RGA or GST was
incubated with immobilized His-MYC2. The immu-
noprecipitated fractions were detected by anti-
GST antibody. The gradient indicates increasing
amount of GST-RGA. His-MYC2 input is shown
in the lower panel.
(B) In vitro interaction betweenHis-JAZ1 andGST-
RGA is weakened by His-MYC2. His-JAZ1 protein
combined with His-MYC2 or His was incubated
with immobilized GST-RGA. The immunoprecipi-
tated fractions were detected by anti-His anti-
body. The gradient indicates increasing amount
of His-MYC2. GST-RGA input is shown in the
lower panel.
(C) Quantification of MYC2-FLAG in nuclear
extracts or immunoprecipitated fractions of
20-day-old jin1-8 pMYC2:MYC2-FLAG plants
treated with 50 mM JA (JA), 50 mM JA plus
100 mM GA (JG), and 50 mM JA plus 10 mM PAC
(JP) for either 4 or 12 hr.
(D) ChIP analysis of MYC2-FLAG binding to the
G-box or G-box-like motif in two target genes
(LOX2 and TAT1) in jin1-8 pMYC2:MYC2-FLAG
plants described in (C). Values are mean ± SD of
three biological replicates.
(E) Quantification of MYC2-FLAG in JA-treated
20-day-old ga1-3 rga-t2 35S:RGA-GR jin1-8
pMYC2:MYC2-FLAG plants, which were concur-
rently mock treated or treated with DEX for 4 hr.
(F) ChIP analysis of MYC2-FLAG binding to the
G-box-like motif in LOX2 in ga1-3 rga-t2
35S:RGA-GR jin1-8 pMYC2:MYC2-FLAG plants
described in (E). Values are mean ± SD of three
biological replicates.
(G) Transient transactivation assays show that
activation of TAT1 expression by MYC2 is modu-
lated by RGA and JAZ1 in jin1-8 mesophyll proto-
plasts. Various constructs used in transient trans-
activation assays are shown in the left panel.
pTAT1:GUS was cotransformed with other
constructs into jin1-8 mesophyll protoplasts,
whereas the protoplasts transfected with pTAT1:
GUS only served as a control. After PEG-mediated
transfection, protoplasts were incubated with
mock solution or 100 mM GA for 12 hr under light.
Relative GUS activity (GUS/Luciferase) that indi-
cates the level of TAT1 expression activated by
MYC2 is shown in the right panel. Values are
mean ± SD of five biological replicates.
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on JA Perception
We further examined modulation of JA signaling by DELLAs in
JA-overproducing and -insensitive mutants. Root elongation of
ga1 was significantly reduced in the background of hy1-101,
a JA-overproducing mutant (Zhai et al., 2007), whereas such
reduction caused by hy1-101 was attenuated in ga1 rga28 (Fig-
ure 4A). This result is consistent with the response of ga1-3 and
ga1-3 rga-t2 to JA treatment (Figure 1C) and substantiates the
role of DELLAs in regulating JA response. As expected the
effect of hy1-101 on the upregulation of two MYC2 target888 Developmental Cell 19, 884–894, December 14, 2010 ª2010 Elsgenes, LOX2 and TAT1, was also compromised by rga28
(Figure 4B).
Next, we examined the effect of DELLAs on root sensitivity to
JA in coi1-1. Loss of function of COI1 abolishes JA perception
and the degradation of JAZ proteins, which causes suppression
of MYC2 transcriptional activity, even in the presence of JA
(Chini et al., 2007; Melotto et al., 2008; Thines et al., 2007; Yan
et al., 2009). ga1 coi1-1 mutants that accumulate a stable
amount of JAZs showed decreased sensitivity to JA compared
with ga1 (Figure 4C). However, loss of RGA function in rga28
only reduced the JA sensitivity in ga1 but had no significant effectevier Inc.
Figure 4. Effect of DELLAs on JA Sensitivity in hy1-101 and coi1-1
(A) Loss of RGA function decreases the sensitivity of ga1 to JA overproduction in hy1-101. Different mutants were grown on MS medium without JA for 10 days
(left panel). The percentages in the right panel indicate the relative root lengths with JA overproduction (hy1-101 background) against those without JA overpro-
duction (designated as 100%). Values are mean ± SD of more than 15 plants of each genotype. Scale bar, 1 cm.
(B) Quantitative real-time PCR analysis of TAT1 and LOX2 expression in various mutants with or without hy1-101. The numbers shown above bars indicate the
fold changes calculated by comparing the values in hy1-101 background to those in HY1 background. TUB2 was amplified as an internal control. Values are
mean ± SD of three biological replicates.
(C) Loss of RGA function does not affect the sensitivity of ga1 coi1-1 to exogenous JA. Different mutants were grown on MS medium without or with 10 mM JA
(upper panels). The percentages in the lower panel indicate the relative root lengths with JA treatment against those without JA treatment (designated as 100%).
Values are mean ± SD of more than 15 plants of each genotype. Asterisks indicate significant change of root length with JA treatment as compared to that without
JA treatment (p < 0.05, by Student’s t test). Scale bar, 1 cm.
(D) Quantitative real-time PCR analysis of TAT1 and LOX2 expression in various mutants with or without coi1-1. Different mutants were grown on MS medium
without or with 10 mM JA. The numbers shown above bars indicate the fold changes calculated by comparing the values of JA treatment to those of mock treat-
ment. TUB2 was amplified as an internal control. Values are mean ± SD of three biological replicates.
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Figure 5. Yeast Two-Hybrid Interactions between RGA, JAZ1, and Their Derivatives
(A) Schematic representations of RGA-truncated proteins used for yeast two-hybrid assays. Various functional domains in RGA are indicated.
(B) Schematic representations of JAZ1-truncated proteins used for yeast two-hybrid assays. Various functional domains in JAZ1 are indicated. Lines indicate the
deleted domains.
(C) Yeast two-hybrid assays show the interactions between RGA, JAZ1 and their derivatives. Transformed yeast cells were grown on SD/-Trp/-Leu/-His/-Ade and
SD/-Trp/-Leu medium.
(D) Transient assays of MYC2 transcriptional activity modulated by RGA, JAZ1, and their derivatives in jin1-8mesophyll protoplasts. Various constructs used in
transient transactivation assays are shown in the upper panel. Transient transactivation assays performed as described in Figure 3G are shown in the lower panel.
Values are mean ± SD of five biological replicates.
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upregulation of LOX2 and TAT1 in ga1 but did not affect their
expression in response to JA in ga1 coi1-1 (Figure 4D). These
observations suggest that modulation of JA response by
DELLAs in response to JA is dependent on COI1 function in JA
perception.
Functional Domains Required for the Interaction
between RGA and JAZ1
Because DELLAs compete with MYC2 for JAZs, we further iden-
tified functional domains (Figures 5A and 5B) required for the
interaction between RGA and JAZ1 using yeast two-hybrid
assays. Three independent and conserved domains, NT, ZIM,
and Jas, have been identified in all 12 members of the JAZ family
(Figure 5B) (Melotto et al., 2008; Thines et al., 2007; Yan et al.,
2007). Previous studies have revealed that the Jas domain not
only interacts directly with COI1 in a JA-dependent manner but
also mediates JAZ’s interaction with MYC2 independent of JA
(Chini et al., 2007; Melotto et al., 2008). We found that deletion
of the ZIM domain did not affect the interaction between JAZ1
and RGA, whereas deletion of either NT or Jas domain compro-890 Developmental Cell 19, 884–894, December 14, 2010 ª2010 Elsmised JAZ1 binding to RGA (Figure 5C), indicating that both NT
and Jas domains are required for the interaction between JAZ1
and RGA. Furthermore, our results showed that the binding of
RGA to JAZ1 was almost completely abolished in RGADN2
(RGA without DELLA and LZ1 domains) and partially impaired
in RGADN (RGA without DELLA domain), whereas deletion of
RGA C-terminal region (RGADC) did not affect RGA binding to
JAZ1 (Figures 5A and 5C). Hence, at least the DELLA and LZ1
domains in RGA contribute to the interaction between RGA
and JAZ1.
To examine if the functional domains in RGA and JAZ1
contribute to modulation of MYC2 transcriptional activity, we
further performed transient expression assays in jin1-8 meso-
phyll protoplasts. As compared with RGA or RGADC, coexpres-
sion of RGADN2 with MYC2 and JAZ1 did not attenuate JAZ1
repression on MYC2 transcriptional activity (Figure 5D). This
suggests that the DELLA and LZ1 domains in RGA, which are
required for the interaction between RGA and JAZ1, are also
responsible for modulating MYC2 transcriptional activity. In
contrast to JAZ1 or JAZ1DNT, coexpression of JAZ1DZIM or
JAZ1DJas with MYC2 did not significantly affect MYC2evier Inc.
Figure 6. A ‘‘Relief of Repression’’ Model Describing that DELLAs
Modulate JA Signaling via Competitive Binding to JAZs
Without JA, stabilized JAZs interact with MYC2, thus inhibiting the activity of
MYC2 as a transcriptional activator. JA induces destabilization of JAZs to
release MYC2 that in turn activates the expression of JA-responsive genes.
In the presence of various levels of JA signals, without GA, stabilized DELLAs
compete with MYC2 for binding to JAZs and facilitate the release of MYC2 for
activating JA response. Degradation of DELLAs triggered byGA liberates JAZs
and promotes the formation of JAZ-MYC2 complex, thus repressing the
expression of JA-responsive genes.
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domains are important for JAZ1 function in repressing MYC2
activity. Interestingly, coexpression of JAZ1DNT and MYC2 still
maintained JAZ1 suppression onMYC2 activity, whereas further
supply of RGA activity (coexpression of MYC2, JAZ1DNT, and
RGA) only slightly attenuated JAZ repression on MYC2 activity
(Figure 5D). This result, together with the observation on the
interaction between AD-RGA and BD-JAZ1DNT in yeast (Fig-
ure 5C), suggests that although the NT domain is not directly
involved in JAZ1 repression on MYC2 activity, it is important
for the interaction between JAZ1 and RGA, which is required
for RGA modulation of MYC2 transcriptional activity.DISCUSSION
In this study we demonstrate that DELLA proteins, the key
repressors in GA-signaling pathway, contribute to JA responses
through directly interacting with JAZ1, a key repressor of JA
signaling. This prevents JAZ1 from interacting with MYC2 and,
thus, enhances the ability of MYC2 to bind to the G-box or
G-box-likemotifs in the promoter of its targets genes. As a result,
DELLAs promote the expression of JA-responsive genes down-
stream of MYC2 in response to JA. On the contrary, GA triggers
degradation of DELLAs, which allows JAZ1 to bind to MYC2 and
represses JA signaling. Furthermore, we show that modulation
of JA response by DELLAs is dependent on the JA receptor,
COI1, in JA perception. These results support a ‘‘relief of repres-
sion’’ model in which DELLAs compete with MYC2 for binding to
JAZs, thus liberating MYC2 to promote JA response (Figure 6).
Because DELLAs serve as central regulators that mediate the
crosstalk of various phytohormones in response to endogenousDevelopmeand environmental signals (Achard et al., 2003, 2006, 2008;
Bolle, 2004; de Lucas et al., 2008; Feng et al., 2008; Fu and Har-
berd, 2003; Navarro et al., 2008; Shimada et al., 2006), ourmodel
provides a mechanistic understanding on how JA signaling
could be fine-tuned by other signaling pathways through
DELLAs.
The role of DELLA proteins in interacting with JAZ1 sheds light
on the molecular mechanism of the well-known ‘‘foolish seed-
ling’’ disease in rice. This disease is caused by the necrotrophic
fungusGibberella fujikuroi that producesGA (Yabuta and Sumiki,
1938), and the infected rice plants develop abnormally long
stems with significantly decreased yields. Previous studies in
Arabidopsis have proposed that Gibberella fujikuroi might
synthesize GA to eliminate DELLAs, thus compromising
JA-mediated defense (Grant and Jones, 2009; Navarro et al.,
2008). The proposed function of DELLAs in promoting
JA-responsive genes through its competitionwith a JA transcrip-
tional activator, MYC2, for JAZ1 provides new insights into the
mechanism underlying which DELLAs potentiate JA signaling
in plants. This explains how GA promotes pathogen virulence
through its degradation of DELLA proteins.
Previous studies have suggested two branches in the
JA-signaling pathway antagonistically regulated by MYC2 and
ethylene response factor1 (ERF1), respectively (Lorenzo et al.,
2004). MYC2 activates the expression of wound-responsive
genes such as LOX2 and TAT1 but negatively regulates path-
ogen-responsive genes such as b-CHI and PDF1.2, whereas
ERF1 has the opposite effect on these genes. Interestingly, our
results have shown that DELLAs promote the expression of all
these JA-responsive genes tested. Because only LOX2 and
TAT1 have been identified as MYC2 direct targets, the interac-
tion between DELLAs and JAZ1 may affect the expression of
b-CHI and PDF1.2 through other JA regulators. Besides
MYC2, several other transcription factors such as ERFs,
WRKYs, and MYBs have also been found to mediate different
aspects of JA-induced responses (Fonseca et al., 2009). So
far, our preliminary experiments did not detect an interaction
between JAZ1 and ERF1, nor between JAZ1 and MYB21 or
MYB24 (data not shown). Further investigation of other members
of JAZ, ERF, and MYB families or other JA regulators will verify
whether themodel established in this study is applicable to other
JA responses.
A recent study has demonstrated that JAZs recruit corepres-
sors topless (TPL) proteins through an EAR-domain transcrip-
tional repressor, novel interactor of JAZ (NINJA), thus repressing
MYC2 activation of JA-responsive gene expression (Pauwels
et al., 2010). JA triggers degradation of JAZ proteins, which
results in the release of the NINJA-TPL complex from MYC
factors and subsequent activation of JA-responsive gene
expression. The TIFY motif, located within the ZIM domain of
JAZ proteins, mediates the interaction between NINJA and
JAZs (Pauwels et al., 2010), whereas the interaction between
DELLAs and JAZs is mediated by NT and Jas domains, but not
by the ZIM domain in JAZs (Figure 5). Thus, the NINJA-TPL
complex and DELLAs play antagonistic roles in modulating the
transcriptional activity of MYC factors by interacting with JAZs
through different domains.
The interaction between JAZs and DELLAs raises the possi-
bility that JA signaling may also mediate the function of DELLAsntal Cell 19, 884–894, December 14, 2010 ª2010 Elsevier Inc. 891
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photomorphogenesis (Ellis and Turner, 2002; Zhai et al., 2007).
The effect of JA on hypocotyl elongation is impaired in DELLA
quadruple mutants and pif4mutants in which a DELLA-interact-
ing bHLH transcription factor, PIF4, is defective but enhanced in
35S:PIF4 (Figure S5). As amain photoreceptor, the active form of
phyB promotes degradation of PIFs in a light-dependent manner
to suppress hypocotyl elongation (Bauer et al., 2004; Ni et al.,
1999; Park et al., 2004). Similarly, the effect of JA is also
enhanced in phyB mutants, where PIFs are stabilized. These
results imply that JA affects photomorphogenesis through
DELLAs and PIFs. Because DELLA proteins mediate light
control of hypocotyl elongation via interacting with PIF3 and
PIF4 (de Lucas et al., 2008; Feng et al., 2008), it is tempting to
speculate that JAZs, as major regulators of JA signaling, may
interact with DELLAs to control their ability in modulating the
activity of PIFs.
Taken together, the model presented in this study has re-
vealed the molecular link between the signaling pathways of
two important phytohormones, GA and JA. The interaction
between DELLAs and JAZs may engage different transcriptional
factors under various environmental and developmental con-
texts. Further identification of these factors will provide a better
mechanistic understanding of both plant responses to environ-
mental and biotic stresses and plant developmental processes.
EXPERIMENTAL PROCEDURES
Plant Materials and Growth Conditions
All Arabidopsis plants were grown at 22C under long days (16 hr light/8 hr
dark). The mutants coi1-1, hy1-101, ga1, jin1-8, pif4, phyB, and rga28 are in
Columbia (Col) background, whereas ga1-3, rga-t2, gai-t6, rgl1-1, and rgl2-1
are in Landsberg erecta (Ler) background. rga28 (Salk_089146), ga1
(Salk_109115), jin1-8 (SALK_061267), and phyB (CS6217) seeds were ob-
tained from the Arabidopsis Biological Resource Center (http://www.
arabidopsis.org/). Seeds with ga1-3 or ga1 background were imbibed in
100 mMGA3 at 4
C for 7 days and rinsed thoroughly with water before sowing.
coi1-1 homozygous mutants were selected from heterozygous seeds germi-
nating on MS medium containing 50 mM JA.
For examining the effects of various hormones on root growth, surface-
sterilized seeds were sown onMSmediumwith 0.8% agar. After 3 days, seed-
lings were transferred to newMSmedium or MSmedium containing 10 mMJA,
1 mM GA, or 1 mM PAC for 8 days, after which seedlings were harvested for
further analyses.
Plasmid Construction and Plant Transformation
To construct 35S:JAZ1-6HA, the cDNA encoding JAZ1 was amplified and
cloned into pGreen-35S-6HA (Liu et al., 2008). The cDNA encoding RGA
was amplified and cloned into pGreen-35S-9Myc (Liu et al., 2008) to construct
35S:RGA-9Myc. To construct pMYC2:MYC2-FLAG, the DNA fragment encod-
ing the FLAG tag was cloned into pPZPY112 (from ABRC), and the genomic
fragment of MYC2 was amplified and subsequently cloned into pPZPY112-
FLAG to obtain an in-frame fusion of pMYC2:MYC2-FLAG. Primers used for
plasmid construction are listed in Table S1. Except for transgenic plants
harboring pMYC2:MYC2-FLAG that were selected on MS medium supple-
mentedwith kanamycin, transgenic plants with other constructs were selected
by Basta on soil.
Yeast Two-Hybrid Assay
The coding regions of JAZs, MYC2, and DELLAs were amplified and cloned
into pGBKT7 and pGADT7 (Clontech), respectively. Subsequent yeast two-
hybrid assays were performed using the Yeastmaker Yeast Transformation
System 2 (Clontech). For library screening, the fragments of RGADC (residues
1–408), RGADN (residues 200–587), and RGA (residues 1–587) were fused to892 Developmental Cell 19, 884–894, December 14, 2010 ª2010 Elsthe GAL4-BD and tested for the auto-activation activity. BD-RGADN without
the auto-activation activity was chosen as bait to screen an Arabidopsis
cDNA library (CD4-30, from ABRC) (Fan et al., 1997). For analyzing functional
domains required for the interaction between RGA and JAZ1, RGADC,
RGADN, RGADN2, and full-length RGA fragments were amplified and cloned
into pGADT7, whereas various deletion constructs of JAZ1 were generated by
inverse PCR reaction from the BD-JAZ1 construct in pGBKT7. Primers used
for generating constructs for yeast two-hybrid assays are listed in Table S1.
Yeast AH109 cells were cotransformed with specific bait and prey constructs.
All yeast transformants were grown on SD/-Trp/-Leu/-His/-Ade medium for
selection or interaction test.
Expression Analysis
Twenty-day-old whole seedlings under various treatments were used for
quantitative real-time PCR analysis of gene expression in this study. Total
RNA was extracted using the FavorPrep Plant Total RNA Mini Kit (Favorgen)
and reverse transcribed using the SuperScript RT-PCR System (Invitrogen).
Real-time PCR was performed in triplicates on CFX384 real-time system
(Bio-Rad) with the iQ SYBR Green Supermix (Bio-Rad). The relative expres-
sion level was calculated as previously reported (Liu et al., 2008). Primers used
for gene expression analysis are listed in Table S1. GUS staining of 35S:JAZ1-
GUS was carried out as previously described (Jefferson et al., 1987).
In Vitro Pull-Down Assay
To produceGST-tagged proteins, the cDNAs encoding RGA, JAZ1, andMYC2
proteins were cloned into pGEX-4T-1 vector (Pharmacia). To produce His-
tagged proteins, the cDNAs encoding JAZ1 and MYC2 proteins were cloned
into pQE30 vector (QIAGEN). Primers used for these constructs are listed in
Table S1. These constructs and the empty pGEX-4T-1 and pQE30 vectors
were transformed into E. coli Rosetta (DE3) (Novagen), and protein expression
was induced by IPTG. The soluble GST fusion proteins were extracted and im-
mobilized onto glutathione sepharose beads (Amersham Biosciences),
whereas the soluble His-fusion proteins were extracted and immobilized
onto Ni-NTA agarose beads (QIAGEN).
For pull-down assays, 2 mg His-JAZ1 or His-MYC2 was incubated with the
immobilized GST and GST fusion proteins at 4C for 1 hr. Proteins retained
on the beads were subsequently resolved by SDS-PAGE and detected with
anti-His antibody (Santa Cruz Biotechnology).
For competitive pull-down assays, 2 mg GST-JAZ1 with 2, 5, or 12 mg GST-
RGA, or 5 mg GST protein, and 2 mg His-JAZ1 with 2, 5, or 12 mg His-MYC2, or
1 mg His protein, were incubated with immobilized His-MYC2 (2 mg) and GST-
RGA (2 mg) at 4C for 1 hr, respectively. Proteins retained on the beads were
resolved by SDS-PAGE and detected with anti-GST or anti-His antibody
(Santa Cruz Biotechnology), respectively.
ChIP Assay
Twenty-day-old jin1-8 pMYC2:MYC2-FLAG or ga1-3 rga-t2 RGA-GR jin1-8
pMYC2:MYC2-FLAG seedlings were fixed on ice for 1 hr in 1% formaldehyde
under vacuum. Fixed tissues were homogenized, and chromatin was isolated
and sonicated as previously described (Liu et al., 2008). The solubilized chro-
matin was immunoprecipitated by either anti-FLAG agarose conjugate (Sigma)
or Protein G PLUS agarose (Santa Cruz Biotechnology) with mouse IgG at 4C
for 1 hr. The coimmunoprecipitated DNA was recovered and analyzed by
quantitative real-time PCR in triplicates. Relative fold enrichment was calcu-
lated by normalizing the amount of a target DNA fragment against that of
a genomic fragment of ACTIN and then by normalizing the value for immuno-
precipitation using anti-Flag antibody against that of mouse IgG. The enrich-
ment of a TUB2 genomic fragment was used as a negative control. All primers
used in ChIP assays are listed in Table S1.
Coimmunoprecipitation Assay
Coimmunoprecipitation assay of RGA and JAZ1 proteins was performed with
20-day-old ga1-3 rga-t2 35S:RGA-9Myc 35S:JAZ1-6HA seedlings. Whole
seedlings were harvested, and nuclear proteins were extracted according to
the ChIP protocol but without tissue fixation. JAZ1-6HA protein was immuno-
precipitated by anti-HA agarose conjugate (Sigma). Proteins bound to the
beads were resolved by SDS-PAGE and detected by anti-Myc or anti-HA anti-
body (Santa Cruz Biotechnology).evier Inc.
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The cDNAs of RGA and JAZ1were cloned into serial pSAT1 vectors containing
either amino- or carboxyl terminal enhanced yellow fluorescence protein
(EYFP) fragments. The resulting cassettes were further subcloned into
a pGreen binary vector HY105 and used for BIFC analysis as previously pub-
lished (Liu et al., 2009).
Transient Transactivation Assay
To generate the effector constructs, 35S:RGA, 35S:MYC2, 35S:JAZ1-6HA,
35S:RGADC, and 35S:RGADN2, the corresponding cDNAs were amplified
and cloned into either pGreen-35S or pGreen-35S-6HA (Liu et al., 2008). For
creating 35S:RGADN2, we introduced a methionine at the 50 end of its forward
primer so that the truncated protein could be normally translated. The effector
vectors containing various deletions of JAZ1 were created from 35S:JAZ1-
6HA by inverse PCR reaction. To create pTAT1:GUS reporter construct,
a 995 bp TAT1 50 promoter was cloned into HY107 (Liu et al., 2007). A
construct containing the firefly luciferase driven by 35S promoter in pGreen-
35Swas used as an internal control to evaluate the protoplast transfection effi-
ciency. All primers used for generating constructs for transient transactivation
assays are listed in Table S1. Preparation of Arabidopsis mesophyll proto-
plasts from jin1-8 leaves and subsequent transfection of protoplasts were per-
formed as previously described (Sheen, 2001). GUS and luciferase activities
were measured as described (Yoo et al., 2007). Relative GUS activity was
calculated by normalizing against the luciferase activity, and the data pre-
sented were the averages of five biological replicates.
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